wwwoEwwsgriWPpW'lljP  )i  l.  wjippppw'piyupww.-""* ''  J|ri. 


|i.  oovt  Acer  it  i 


DEMISPHERICAL.COVERAGE  OF_FOUR 
'ACED  AIRCRAF’f  ARRAYS  » . _ 


702F 


■ 


ttCUHITY  CLAlVPlCATlON  Of  THIt  »*Ot  (Wti^n  ttmm  Untf4} 

I REPORT  DOCUMENTATION  PAGE 


N/A 1 — * 

i.  Conira6¥  o«  orawt  numIc^v*) 


ir^i  Robert  J.lMallloux  1 
^ William  G.^Mavroldesy 

*■“  V^|K7oMMNO«!!aSN!z7Tia!n<MiFANO  AOORCU 

Deputy  for  Electronic  Technology  (RADC/EEA) 
Hanscom  AFB 

Massachusetts  01731 ( / 

II.  CONTMOLLINa  orrict  NAMC  AMO  ADOKIII 

Deputy  for  Electronic  Technology  (RADC/EEl^j 
Hanacom  AFB  U ' 

Maaaachuaetta  01731  v 1 


E*CV  NAME  * AOORISV//  dlllarant  from  Control  It  *4  Otllco)  ) 1*.  SECURITY  CLASS.  (•!  this  report) 


Unclassified 


Approved  for  public  release;  distribution  unlimited. 


1 17.  DISTRIBUTION  STATEMENT  (o I the  akatroet  an  taro*  In  IImA  20,  II  Ollloromt  from  R«ad) 


supplementary  NOTES 


KEY  WORM  fCwtinw  on  rerorae  aide  II  noooaeary  ami  Identify  by  block  mm  bar) 


Aircraft  arrays 
Phaaed  arrays 
Communication 


on  arrays 


10.  ABSTRACT  (ConHomo  am  t oeorao  aide  II  noooaaory  am I lOamtlly  by  blook  number) 

This  report  describes  the  radiating  characteristics  of  a four-faced  array 
with  faces  arranged  in  a streamlined  configuration  for  hemispherical  coverage. 
The  report  presents  new  experimental  and  theoretical  results  giving  coverage 
for  a stde  array  in  the  plane  perpendicular  to  the  cylinder  and  shows  that  the 
structure  radiates  both  polarisations  efficiently  for  angles  from  the  zenith  to 
the  horizon.  In  the  absence  of  mutual  coupling  effects,  the  circularly  polarized 
radiation  remains  within  approximately  1 dB  of  the  array  projection  factor. 
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20.  Abstract  (Continued) 

* Finally  the  report  presents  coverage  contours  for  a four-faced  array  with  the 
front  and  back  faces  half  the  size  of  the  side  faces.  In  this  case,  the  proper 
choice  of  front  array  tilt  angle  can  result  in  a hemispherical  gain  projection 
factor  within  3.5  dB  of  peak  gain  over  nearly  the  whole  hemisphere. 
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Hemispherical  Coverage  of  Four-Faced 

Aircraft  Arrays 


1.  INTRODUCTIO'N 

One  of  the  more  persistent  technological  problems  of  aircraft  satellite  com- 
munications Wrinfriala  M tKe  hddd  Tcfr*fltiatf-trtounted  or -conformal  6HF  aircraft  • « 

antennas  with  adequate  coverage  for  communication  over  the  entire  upper  hemi- 
sphere. Present  aircraft  Satcom  antennas  at  SHF  and  higher  frequencies  are 
reflectors  with  over  30-dB  gain,  although  one  x-band  experimental  terminal  has 
been  developed  (Maune1)  with  a low-profile,  "hybrid"  array  that  rotates  in  the 
axial  plane  and  has  electronic  scanning  in  elevation.  The  difficulty  with  any  such 
planar  antenna  Is  that  the  gain  degrades  so  severely  In  scanning  from  zenith  to 
horizon  that  the  antenna  aperture  must  be  made  far  larger  than  that  required  by 
zenith  gain  constraints.  This  scanning  loss  for  communication  with  a circularly 
polarized  satellite  antenna  Is  due  to  a combination  of  effects.  Among  these  are 
array  element  mutual  coupling  that  results  In  reflection  losses,  the  reduction  In 
directivity  associated  with  the  reduced  array  projection  near  the  horizon,  the  loss 
due  to  diffraction  around  the  aircraft's  locally  cylindrical  surface,  and  a 3-dB 
polarization  loss  If  the  aircraft  antenna  Is  linearly  polarized.  These  physical 


(Received  for  publication  6 June  1079) 

1.  Maune.  J.J.  (1972)  Sfif  flecelylng  AiflenM  Twenty-Second 

Annual  Symposium  on  USAF  Antenna  Research  and  Development. 


5 


limitations  are  described  in  an  earlier  reference  (Mailloux-).  Taken  together 
they  require  that  for  a given  horizon  gain  in  the  neighborhood  of  20  dB  for  a square 
array  and  in  the  absence  of  circuit  losses,  one  must  provide  an  additional  12  to 
14  dB  of  area  gain.  Adding  three  3 dB  for  circuit  losses  leads  to  the  conclusion 
that  to  provide  20  dB  of  gain  over  the  upper  hemisphere  with  a hybrid  mechanical 
and  phase -scanned,  flush-mounted  antenna,  one  must  use  an  antenna  area  with 
equivalent  directivity  of  approximately  35  to  37  dB.  Providing  the  same  gain  with 
a completely  phase-scanned  array  would  require  an  additional  3 dB  of  gain  to 
overcome  polarization  loss.  Surface  wave  techniques  can  provide  gain  at  the 
20-dB  level  for  more  efficiency  (Mailloux^),  but  these  techniques  are  restricted 
to  less  than  10  percent  bandwidth. 

The  present  study  was  undertaken  to  provide  data  describing  the  use  of  a four- 
faced array  made  up  of  two  45°  faces  oriented  along  the  aircraft  axis  and  smaller 
arrays  for  nose  and  tail  coverage  as  shown  in  Figure  1.  The  goal  of  the  project 
was  to  make  two  concessions  at  the  outset  and  then  to  try  to  optimize  performance. 
The  concessions  were  to  abandon  the  requirement  for  a flush-mounted  array  while 
substituting  a narrow,  streamlined  radome,  and  to  accept  reduced  gain,  if  neces- 
sary, in  the  conical  regions  near  the  nose  and  tail  of  the  aircraft  because  of  the 
use  of  smaller  arrays  in  those  directions  as  would  be  consistent  with  the  stream- 
lined shape  shown  in  Figure  1. 


Figure  1.  Four-Faced  Tent  Configuration 


Mailloux,  R.  J.  (1977)  Phased  array  aircraft  antennas  for  satellite  communi 
cations.  Microwave  Journal  20(No.  10):38-42. 


2.  RADIATION  CHARACTERISTICS  OF  THE  FOUR-FACED  ARRAY 


Figure  2.  Experimental  Array  and  Ground  Plane 


An  analytlcal/erperlmental  etudy  haa  been  conducted  to  Investigate  the  scan- 
ning properties  of  an  array  mounted  at  45°  from  the  horizontal  at  the  top  surface 
of  an  aircraft  cylinder.  The  experimental  part  of  the  program  used  a 64-element 
linearly  polarized  waveguide  array  scanned  In  the  plane  perpendicular  to  the  air- 
craft axis,  and  mounted  on  an  8-foot  by  12-foot  ground  screen  section  with  an 
84-lnch  radius  of  curvature.  The  array  and  ground  plane  are  shown  In  Figure  2. 
The  array  consists  of  eight  rows  of  eight  elements  each.  Each  row  Is  0. 402  X 
high  at  9.  5 GHz,  and  the  peak  of  the  array  is  2. 01  X high.  The  patterns  were 
computed  by  geometrical  optics,  and  the  basic  equations  are  summarized  in 
Appendix  A.  Figure  3 shows  the  measured  and  calculated  E-plane  radiation 
patterns  for  the  array  scanned  to  three  different  elevation  angles:  zenith,  49°, 
and  horizon.  In  all  cases  the  theoretical  data  give  an  excellent  representation 
of  the  experimental  scan  behaviour.  Figure  4 shows  the  gain  vs  scan  character- 
istics ror  axial  (H-plane)  and  radial  (E-plane)  polarizations  for  an  array  of  square 
waveguide  apertures  0. 4 X on  a side  as  the  array  Is  scanned  from  zenith  to  horizon. 
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AXIAL  POLARIZATION 
(H-PLANE  SCAN) 


Figure  4.  Gain  va  Scan  Characteristics  for  Axial  and 
Circumferential  Polarization 


46° TENT  ARRAY 
H - 2.5  X 
B - 0.4  X 
A - 67.6  X 


The  radiation  at  angles  less  than  45°  from  zenith  are  free  from  specular  reflec- 
tions, and  so  the  exhibited  gain  falloff  in  that  region  is  just  the  array  element 
pattern  here  approximated  -by  the  product  of  tjie  projection^  factor  ^ cos  (6  - 45°) 
and  the  pattern  of  an  isolated  element.  The  total  degradation  at  zenith  is  about 
2. 1 dB  for  the  H-plane  elements  and  about  2.  7 dB  for  the  E-plane,  If  the  array 
were  excited  with  circular  polarization,  the  gain  reduction  at  zenith  into  a circu- 
larly polarized  satellite  antenna  would  thus  be  about  2. 4 dB  (or  only  0.  9 dB  in 
excess  of  the  1.  5 dB  projection  factor).  Nearer  the  horizon,  both  patterns  show 
the  effect  of  specular  reflection  from  the  curved  ground  plane,  but  the  ripples 
Introduce  deviations  of  at  most  1 dB  from  the  pattern  without  reflections.  More- 
over, there  is  enough  gain  due  to  the  image  near  the  horizon  that  the  actual  loss 
in  gain,  relative  to  circularly  polarized  satellite,  is  never  more  than  about  1.  9 dB 
(at  85°).  This  is  somewhat  of  an  Improvement  as  compared  with  the  pattern 
coverage  near  zenith  where  there  are  no  reflections. 

In  summary,  this  data  suggests  that  the  gain  to  a circularly  polarized  receiv- 
ing antenna  can  be  within  about  1 dB  of  the  cos  (9  - 45°)  projection  factor  for  an 
array  Inclined  45°  mounted  on  a conducting  cylinder. 

Figure  5 shows  the  scan  contours,  sometimes  called  "scanning  shields,"  for 
two  arrays  mounted  as  in  Figure  1 for  the  case  in  which  the  front  array  has  3 dB 
less  gains  than  a side  array.  Figure  5 shows  projection  factors  as  computed  in 
Appendix  B,  and  does  not  Include  the  effects  of  array  mutual  coupling  or  the  actual 


CIRCUMFERENTIAL 
POLARIZATION 
(E-PLANE  SCAN) 
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FRONT  ARRAY  (HALF  AREA)  AT  46 


C HORIZON 
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FRONT  ARRAY  (HALF  AREA)  AT  20' 


FRONT  ARRAY  (HALF  AREA)  AT  O' 
SIOE  ARRAY  AT  46* 


Figure  5.  Hemispherical  Coverage  Contour e 


element  patterns.  As  indicated  above,  element  patterns  can  be  expected  to  reduce 
the  gain  to  a circularly  polarized  source  by  about  another  1 dB.  The  side  array 
data  is  shown  solid,  and  the  front  array  dashed.  Figure  5a  shows  the  scan  cover- 
age for  two  arrays  mounted  at  45°,  and  Indicates  that  this  selection  leads  to  only 
one  small  area  near  the  horizon  with  projection  factor  less  than  -4.  5 dB  relative 
to  the  peak  gain  of  the  side  array.  Figure  5b  shows  the  scan  characteristics  that 
result  when  the  front  array  is  mounted  at  20°  .*om  the  vertical.  This  configuration 
offers  good  coverage  near  the  horizon,  with  minimum  hemispherical  projection 
factor  about  4 dB  below  the  peak  gain  of  the  larger  (side)  array  except  in  a very 
small  region  near  the  horizon.  Figure  5c  shows  the  scan  shield  Tor  the  front  array 
at  0°  (vertical).  This  configuration  optimizes  the  horizon  coverage,  and  has  a pro- 
jection factor  over  the  hemisphere  within  3.  5 dB  of  the  peak.  Relating  the  projec- 
tion factor  to  gain  results  in  about  4.  5 dB  maximum  gain  reduction  over  the  hemi- 
sphere. These  data  Indicate  that  if  good  coverage  at  the  horizon  is  a premium, 
then  a nearly  optimum  solution  has  the  side  arrays  at  45°  and  the  front  and  back 
arrays  nearly  vertical.  However,  for  any  given  tent  cross  section,  it  may  be 
advantageous  to  tilt  the  front  and  back  arrays  to  a 45°  angle  as  well  as  the  side 
arrays.  This  results  in  approximately  1.  5 dB  more  available  area  gain,  because 
a larger  array  can  fit  Into  the  same  space.  Although  this  configuration  provides 
little  or  no  added  ggin  at  the  horizon  as  compared  with  the  smaller  vertical  array, 
it  does  offer  increased  gain  throughout  most  of  the  hemisphere,  and  it  utilizes  the 
**  ava'lable'Space  ‘in  a mure  efficient  manner-at  the  expense  ef. requiring.  mpr_e .array  . .. 
elements. 


3.  CONCLUSION 

These  experimental  and  theoretical  results  lead  to  the  conclusion  that  it  is  pos- 
sible to  construct  a four-faced  array  over  a conducting  cylinder  and  provide  circu- 
larly polarized  radiation  and  gain  within  about  4.  5 dB  of  the  peak  gain  for  the  larger 
side  arrays.  The  analysis  takes  minimal  account  of  mutual  coupling  effects  by  as- 
suming an  effective  element  pattern  for  the  array  elements  that  is  the  product  of  the 
projection  factor  and  isolated  element  pattern. 

Adding  roughly  3 dB  for  feed  and  phase  shifter  losses  leads  to  the  combination 
of  two  side  arrays  with  roughly  28  dB  directivity  and  front  and  rear  arrays  with 
25  dB  directivity  in  order  to  provide  20  dB  gain  over  the  hemisphere. 

Although  requiring  more  phase  controls  than  a hybrid  mechanical/electronic 
array,  the  four-faced  geometry  has  fully  electronic  scan,  has  much  wider  bandwidth, 
has  a smaller  array  configuration  that  requires  no  large  hole  in  the  aircraft,  and  is 
potentially  a light-weight,  low -drag  candidate  SHF  aircraft  array. 
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Appendix  A 

Goo  metrical  Optica  Expressions  for  Radiation  of  an  Element 

Above  a Conducting  Cylinder 


Figure  A1  shows  the  geometry  of  an  array  element  mounted  above  a conducting 
cylinder  of  radius  a.  The  element  is  in  an  array  whose  normal  is  tilted  an  angle  ? 
from  the  zenith.  The  peak  of  the  array  is  a height  H from  the  top  of  the  cylinder. 
The  equations  given  here  are  a special  case  of  those  given  by  Kouyoumjian  and 

3 

Pathak  and  describe  the  spectral  radiation  in  the  plane  normal  to  the  cylinder. 

The  radiated  field  at  p(x,  y)  for  a source  at  x',  y1  with  polarization  vector  rj  is 
given  by  the  expression 

-jk  S 

E = El(P)  + R • El(QR)  e ° g 
where 


El(P)  = — 


-*oRo 


n f(©) 


3.  Kouyoumjian,  R.G.  and  Pathak,  P.H.  (1974)  A uniform  geometrical  theory  of 
diffraction  for  an  edge  in  a perfectly  conducting  surface,  Proc.  of  the  IEEE 
62(No.  11):1448-1461. 
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and 


t /Vine 

E <V  IT 


inc 


n fCflj) 


Here  Sj  is  the  angle  between  the  source  at  (x',  y')  and  the  point  of  specular  reflec- 
tion Qr(Xq,  Yo).  and  Rjnc  is  the  distance  between  the  source  point  and  the  point 
QR.  and  is 

Rinc  >/<*'  -*0)2  + (y  -v2 

RQ  is  the  distance  from  the  source  to  point  P (x,  y) 

R0  = >/(x-x')2  + (y-y')2 

The  distance  S is  measured  from  the  reflection  point  QR  and  the  observation  point  p, 
and  is  given  by 

S = Ro  * Rinc  cos  {9l  - 0) 

The  function  f(0)  is  the  element  pattern  for  a source  in  the  array,  and  is  here 
approximated  by 

m = e<0)  V cos  <0  - C) 

for  e(8)  the  element  pattern  of  an  Isolated  source. 

The  dyadic  reflection  coefficient  R for  the  case  of  a circular  cylinder  with  no 
radial  variation  is  given  by 


Under  normal  Incidence  the  polarization  unit  vector  n Is  z for  axial  polarization 
and  9 for  radial  polarization. 

The  coefficient  g is  given  by: 


yr  r 

— 

(p[  + S)(p£  + S) 
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where  the  parameters  p ^ and  are  the  principal  radii  of  curvature  of  the  reflected 
wave  at  QR  In  the  plane  of  Incidence  and  normal  to  the  plane  of  Incidence,  so  that 


where  a Is  the  angle  between  the  reflected  ray  at  the  point  QR  and  the  tangent  to  the 
cylinder  at  QR.  The  angle  Is  obtained  using  Snells  Law  to  find  the  specular  reflec- 
tion point  that  gives  a reflected  ray  at  the  angle  8. 


P(R,t) 


ARRAY  ELEMENTS 


CYLINDRICAL  GROUND  PLANE 
RADIUS  V 


Figure  Al.  Array  Geometry  and  Coordinates 
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Equations  for  Computing  Scan  Shields 


Figure  B1  shows  the  geometry  of  an  array  lying  in  the  x-y  plane,  which  is 
rotated  about  the  x-axis  by  the  angle  6 relative  to  the  system  x',  y',  z\ 

Conventional  direction  cosines  w and  v are  defined  relative  to  the  unprimed 
(array)  coordinate  system 


An  observation  point  specified  by  the  direction  cosines  corresponds  to  the  fol 
lowing  6,  0 coordinates  in  the  primed  system: 


« • *W  Sga  '-A 


The  array  projection  factor  c determines  the  loss  Indicated  on  the  scan  shield 
diagrams  according  to  the  relation 
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